Janus materials are attracting intense interest due to their exceptional possibilities in the design of structures with specific properties. In this work, Janus structures were constructed by the functionalization of free-standing single-walled carbon nanotubes (FS-SWCNT) membranes with silver nanoparticles (AgNPs) electrodeposited on one face of the free-standing structure.
Introduction
Janus materials are a new generation of nanomaterials that open a wide field of possibilities in materials chemistry since the biased functionalization of a nanomaterial allows tuning or enhancing some of their properties. For instance, Janus materials can be provided with one hydrophilic side while the other one has hydrophobic properties, or with an area negatively charged and another positively charged, or with different catalytic, optical and/or magnetic properties in each of their faces [1] [2] [3] [4] . The design of materials with specific properties has led to a whole branch of applications for Janus structures in multitude fields, such as in the upgrade of new and more powerful sensors, in electronics, in catalysis, or in the development of new medical devices to facilitate the control of drug delivery [5] [6] [7] . Many materials are employed in the fabrication of Janus structures. Here, carbon nanotubes (CNT) have been selected as base material to generate Janus structures due to their widely known advantages as electrical conductor with respect to other classic electrode materials [8] [9] [10] [11] . In particular, it should be noted that in this work an innovative factor is proposed to fabricate Janus structures based on carbon nanotubes, like is the use of free-standing single-walled carbon nanotubes (FS-SWCNT).
The use of these thin carbon nanotubes membranes as electrodes and their modification with different nanomaterials on each side open the door to an infinite number of applications, such as electrochemical sensors, laser absorber, gas flowmeter, gas heater, supercapacitors, in thermoacoustic applications and in batteries [12] [13] [14] [15] [16] [17] . The exceptional mechanic, electric, electronic and thermal properties of SWCNTs make them one of the most fascinating substrates for the fabrication of Janus membranes.
Although different methods can be followed to develop Janus structures [6, 7, 18, 19] , our interest is focused on the electrochemical functionalization because this procedure has been proven to be one of the least expensive and more productive for this purpose, allowing the preparation of a wide range of nanostructures. Silver nanostructures are widely used in many fields such as antibacterial agent, catalyst for variety of reactions, modifier of electrodes for improving conductivity, or substrate for surface-enhanced Raman scattering (SERS) applications [20] [21] [22] [23] [24] . There is a substantial literature on the electrochemical preparation of silver structures in aqueous medium [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , highly dependent on the bath's composition and on the electrodeposition conditions as the manner that different morphologies and structures could be obtained. However, more recently, different deep eutectic solvents [36] [37] [38] , chloroaluminate melts [39, 40] and room-temperature ionic liquids [41] [42] [43] [44] [45] [46] [47] [48] [49] are receiving a growing attention as green electroplating solutions for silver deposition taking advantage of thermal and chemical stability, negligible low vapour pressure, reasonable ionic conductivity and moderate viscosity of these new solvent. Due to the high positive standard potential value of silver and with the aim of tailoring the silver deposition at less positive potentials than in aqueous medium without the use of extreme low concentrations we explore the AgNPs deposition in ionic liquids. The good solubility of silver compounds in these media, makes them attractive and alternative solvents for environmentally friendly processes. The ionic liquid selected has been 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (BmpyrNTf2) that is an air and water stable liquid, immiscible in water showing hydrophobic behavior. The selection of this ionic liquid was performed attending to its immiscibility in water, because in this way, it avoids the diffusion along the electrode, as well as the ability to be easily handled in the atmosphere.
Although silver electrodeposition has been already reported in this ionic liquid [44] , to assess the feasibility of obtaining AgNPs on FS-SWCNTs membranes, the effect of lowering the analytical Ag(I) concentration and the influence of the electrodeposition substrate must be analyzed.
Furthermore, the good transparency to UV-Vis radiation and the suitable conductivity demonstrated by the FS-SWCNT electrodes [50] , allow us to study diverse processes that take place on the electrode surface by UV-Vis absorption spectroelectrochemistry.
Spectroelectrochemistry is one of the most powerful techniques in the study of a huge variety of chemical systems [51] [52] [53] . The combination of electrochemistry and spectroscopy is undoubtedly a successful coupling; it provides simultaneously the advantages of both techniques and offers very unique possibilities that are not achievable by electrochemistry or spectroscopy independently. The great usefulness of this technique has been reflected in the study of, for example, reaction mechanisms, compounds of biological interest, characterization of compounds and materials of completely different nature, diffusive and adsorptive processes, and quantitative analysis [51, [54] [55] [56] [57] .
Therefore, the main objective of this work is to obtain a Janus nanostructure by functionalization of only one face of a FS-SWCNT membrane by the electrodeposition of AgNPs from an ionic liquid solution. In this way, a hybrid nanomaterial is obtained with the characteristic properties of SWCNTs on one face, and those specific of AgNPs on the other.
Material and methods

Reagents
Chemicals used were silver nitrate (AgNO3, Panreac), and 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (BmpyrNTf2, Solvionic), all of them of analytical grade. The ionic solvent was liquid at room temperature and non-miscible in water. The kinematic viscosity of BmpyrNTf2 at 20 ºC is 548 St (kinematic viscosity of water at 20 ºC = 0.01 St) and its conductivity is 2.68 mS cm -1 at 20°C and 2.94 mS cm -1 at 25°C.
SWCNT (Sigma-Aldrich) dispersion was prepared using 1,2-dichloroethane (DCE, Acros Organics) as solvent. SWCNT electrodes were fabricated using hydrophilic polytetrafluoroethylene (PTFE) filters (pore size 0.1 µm, JVWP01300, Millipore Omnipore).
Free-standing SWCNT electrodes (FS-SWCNT) were prepared using nitrocellulose filters (pore size of 0.45 μm, HAWP01300, Millipore Omnipore) and acetone (VWR). Both SWCNT and FS-SWCNT electrodes were fabricated using poly(ethylene terephthalate) (PET, 175 mm thick, HiFi Industrial Film) as physical support, conductive silver paint (Electrolube) for ohmic contacts and Kapton ® as high temp masking tape (RS Components).
For safety considerations, all handling and processing were performed carefully, particularly when DCE was used.
Fabrication of SWCNT and FS-SWCNT electrodes.
The fabrication of SWCNT and FS-SWCNT electrodes ( Fig. S1 in Supporting Information), used as working electrodes, was carried out base on the methodology described in previous works [50, 58, 59] . SWCNT solution used for preparing both SWCNT and FS-SWCNT electrodes was dispersed using a CY-500 tip-sonicator (Optic ivymen System).
The SWCNT electrodes were prepared by filtering 0.8 mL of a sonicated SWCNT homogeneous dispersion in DCE (5 mg/L) through a PTFE filter. The filter with the SWCNT film was dried at room temperature for five minutes to achieve a proper transference during the next step. The press-transference of the SWCNT film to the PET sheets was performed by applying 27 ± 2 tons for about one minute using a hydraulic press. Finally, the PTFE filter was carefully peeled off using tweezers while the SWCNT film remains attached to the PET sheet
The methodology employed for the fabrication of the FS-SWCNT electrodes involves the filtration under vacuum of 3 mL of the same SWCNT dispersion in DCE than in the previous case but using a nitrocellulose filter instead of a PTFE filter. The homogeneous SWCNT film was immediately low-pressure transferred on the PET sheet applying only a slight finger pressure. In this case, the PET sheet has a hole of 2 mm in diameter ( The final step is identical for the two types of electrodes; after the SWCNT film is dried at room temperature, the ohmic contact is made using a conductive silver paint. The silver paint is dried in an oven at 75 °C for 30 min, and allowed to cool before coating the contact using a high temp masking tape (Kapton).
Instrumentation
All electrochemical measurements were carried out using a potentiostat AUTOLAB PGSTAT 12 electrochemical system. The basic electrochemical study was performed using a glassy carbon electrode (GC, Metrohm) as working electrode, polished to a mirror finish using alumina powder of different grades (3.75 and 1.87 µm VWR Prolabo), cleaned ultrasonically for 2 min in high-quality water (resistivity of 18.2 MΩ cm, MilliQ gradient A10 system, Millipore) and dried with air prior to be immersed in the solution.
Counter and reference electrodes were a spiral of platinum and a homemade Ag/AgCl/KCl (3M), respectively. Stable and reproducible values of the potential were obtained using these homemade reference electrodes.
Voltammetric experiments were carried out at 0.010 V s -1 , scanning first the potential to negative values. Chronoamperometric experiments were performed starting from a potential where no process took place to the selected potential value. Electrochemical reproducibility was getting hard and laborious at room temperature due to the lower conductivity of the ionic liquids.
In the optimization process of electrodeposition of AgNPs, when GC or SWCNT electrodes were used, the working temperature was kept constant at 70 ºC to favour low viscosity and high conductivity of the solution. All electrochemical experiments were carried out using these experimental conditions unless different ones were specified.
Morphology was observed using a scanning electron microscope Field Emission JSM-7100F
Analytical Microscopy.
UV−Vis absorption spectroelectrochemistry measurements in normal transmission configuration were performed using a QE65000 spectrometer (Ocean Optics) coupled and synchronized with the potentiostat. The light beam, supplied by a light source (AvaLight-DH-S-BAL, Avantes), was conducted to the spectroelectrochemical cell by a 230 μm optical fiber (Ocean Optics) and collected from the spectroelectrochemical cell and led it to the spectrometer by a 200 μm optical fiber probe (Avantes).
Results and Discussion
In order to optimize the electrochemical reduction conditions of Ag(I) in BmpyrNTf2, different carbon substrates were used as working electrodes: GC, SWCNT and FS-SWCNT.
Silver electrodeposition on GC electrodes
Ag electrodeposition and its redissolution on GC were studied by cyclic voltammetry, scanning the potential from +1.00 V to -0.95 V and back to +1.00 V in 8 × 10
BmpyrNTf2. Voltammetric profile (red line in Fig. 1a ) shows in the cathodic scan a sharp current increase that develops in a well-defined reduction peak (C1) at +0.47 V, after which the current increases smoothly. Lengthening the cathodic scan to more negative values another reduction peak (C2) at -0.33 V is observed, previous to the massive reduction of the ionic liquid at potentials lower than -0.85 V (blank experiment performed only in BmpyrNTf2, blue line in Fig. 1a ). In the positive scan a single anodic peak (A1) at +0.77 V related to the Ag oxidation was observed.
Electrochemistry was also carried out scanning the potential in a shorter potential window, but in this case, using a small Ag ball as a working electrode instead of the GC substrate. As can be observed, in the negative scan a new current peak previous to the massive current related to the reduction of the ionic liquid was recorded. These results seem to confirm that this new reduction peak can be associated with the presence of metallic Ag. Additionally, it can be seen that using the Ag ball working electrode the cathodic current related to the solvent reduction was advanced 0.22 V respect to the GC electrode. Similar advancement of the onset of the current was previously detected over other metallic substrates [37] . Therefore, it suggests that the presence of Ag modifies the reduction process of the solvent in the way that the ionic liquid can be reduced both on the carbon substrate and on the Ag electrodeposited. Thus, the detected C2
peak from the Ag(I) solution (red line in Fig. 1a ) is mainly related to solvent reduction process on the Ag freshly deposited on the GC electrode.
Different potentiostatic experiments were performed to study the Ag electrodeposition on the GC electrode from the BmpyrNTf2 ionic liquid. From the Ag(I) solution, the potentiostatic curves were recorded after applying a single potential step, from a potential at which no process occurs to potential values at which Ag reduction took place. The potential range selected for these experiments was the corresponding to the decreasing part of the voltammetric C1 peak (red line in Fig. 1a ). All current transients (Fig. 2) exhibit the typical profile for nucleation and three dimensional growth, i.e., a current rising part that attains a maximum from which the current decays with increasing time. Comparison of the curves obtained at different potentials evidences that the current density corresponding to the maximum (jm) is greater as the overpotential increases, being the corresponding time at which the maximum appears (tm) shortened (Fig. 2) .
For all potentials, the descending part of the transients tends to overlap. This behavior corresponds to a process controlled by mass transfer of the electroactive species towards the electrode. The initial stage of nucleation and crystal growth of Ag electrodeposited on GC was analyzed. In order to establish the nucleation mechanism at the different potentials, j-t transients recorded in Fig. 2 were compared in Fig. S3 in Supporting Information with the theoretical model provided by Scharifker and Hills [60, 61] , devoted to processes in which mass control is the limiting step. This model proposes that, in dimensionless form, instantaneous nucleation (all nuclei immediately formed after the step potential) and progressive nucleation (nuclei formed according to kinetics) follow the equations:
for instantaneous nucleation, and:
for progressive nucleation.
Comparison of the non-dimensional plots with the corresponding to limit situations of instantaneous and progressive nucleation (blue and red lines in Fig. S3 in Supporting Information) shows that, in the experiments included in Fig. 2 , Ag nuclei were formed quasi instantaneously. These results agree with previous work [44] at lower temperature. It is well established that in aqueous media Ag deposition occurs easily, as the manner that the deposition process occurs at very low overpotentials [62] , whereas when Ag(I) is complexed the electrodeposition takes place at more negative potentials [37] . Even under these conditions, moderate overpotentials are sufficient to attain instantaneous nucleation.
In order to analyze the role of the applied potential over the growth of Ag electrodeposits, a morphological analysis was performed for samples prepared at fixed charge (8 mC). With this objective, potentials belonging at different regions were selected taking as reference the CV of (Fig. 3b) exhibits also a grained morphology in which the grain size is reduced, and at this relative high charge the deposit is formed by piled up grains. Finally, the third sample was prepared in the potential range corresponding to the onset of the reduction peak C2. SEM image (Fig. 3c) indicates that less defined grains are formed and that the 3D growth are more inhibited respect to that observed in the two previous cases. By comparison of the SEM image at -0.60 V with those of the samples prepared at more positive potentials ( Fig. 3a and 3b) , the Ag deposit seems to correspond to a process in which the deposition charge involved is lower than the one actually applied. As can be noticed, flat grains around 100 nm were obtained. This morphology could be related to the simultaneous reduction of Ag(I) and the ionic liquid that seems to be favoured, in this potential range, by the presence of Ag previously deposited. Therefore, it can be concluded that the charge passed was involved in the co-reduction of the solvent and the Ag(I).
These results confirm the Ag electrodeposition from BmpyrNTf2 solvent on GC at this low concentration and, furthermore, this overview about the deposition process will be useful to test this solution in the functionalization of other carbon materials by AgNPs. Moreover, under these experimental conditions no coalescence was achieved, making the Ag(I) in BmpyrNTf2 solution eligible to functionalize carbon nanomaterials, such as SWCNTs, with AgNPs.
AgNPs electrodeposition on SWCNT electrodes
The electrodeposition of AgNPs on SWCNT electrodes ( Ag(I) to Ag(0) and its redissolution. Voltammetric experiments performed using the SWCNT electrodes, prepared according to the conditions specified in the experimental section, revealed that the electrochemical behavior was similar to the voltammetric response observed previously on GC: cathodic scan shows two reduction peaks prior the massive ionic solvent reduction, and the anodic scan displays a unique oxidation peak related to the silver oxidation. The onset potential of the deposition current related to C1 process was delayed 0.25 V respect to the observed on GC substrate. It is remarkable that the relationship between the two reduction processes, C1 and C2, jC1/jC2 is 13 times higher when a SWCNT electrode is selected as working electrode than when a GC is used. Comparison between the current density of the voltammetric peaks, C1 and C2, suggests that the increase of jC1/jC2 observed is due to the nature of the SWCNT electrode prepared, the initio of deposition is delayed, but once started the reduction of Ag(I) proceeds and accordingly, the value of jC1 is higher. Consecutive scans lead to a substantial increase of the involved charge under the C2 reduction peak, being the relationship between the two reduction processes jC1/jC2 10.5 times lower in the third scan than in the first one. As was established in the Section 3.1, C2 reduction peak is associated with the presence of metallic Ag, thus the decrease of jC1/jC2 in the third scan is related to the increase of the amount of metallic Ag deposited on the SWCNT electrode with the number of potential cycles.
Attending to the previous results on GC, different AgNPs samples were prepared potentiostatically. Taking into account the results obtained with GC in section 3.1 and that our final interest is the deposition of AgNPs with a narrow distribution of size, lower potentials than the C1 peak, peaking at +0.30 V, and higher than C2 peak were selected. This range of potentials, from +0.20 V to -0.10 V, favours the instantaneous nucleation and it avoids the range of potentials at which ionic liquid solvent reduction takes place. The experimental conditions selected for all samples lead to potentiostatic transients with similar profile respect to the observed in Fig. S5 in Supporting Information, in which the maximum appears at extremely low deposition times.
Uniformity and size of the AgNPs electrogenerated by fixing a deposition charge and applying different reduction potentials, were studied by SEM images. Fig. 4a and 4b show the SEM images of two samples prepared on a SWCNT electrode applying +0.05 V and 0.00 V, respectively, demonstrating the viability of SWCNT electrodes for the electrodeposition of
AgNPs from the selected ionic liquid solution. The AgNPs generated were quasi-spherical, without structuration, related to the low charge involved in the electrodeposition process respect to the SWCNT electrode area. These AgNPs showed higher polydispersity at lower overpotentials ( Fig. 4a) indicating that although the shape of the corresponding transient corresponds to fast deposition, instantaneous nucleation was not achieved. The medium size at the higher overpotential (Fig. 4b) was around 66 ± 7 nm, experimental conditions where a clear tendency to homogenization of particle size was appreciated. As can be noticed in Fig. 4 , the electrodeposition of AgNPs under these experimental conditions does not show specific distribution, and AgNPs are located on the entire surface of the SWCNT film.
To confirm the inconvenience of the preparation of AgNPs in the potential range corresponding to the C2 peak, some experiments were performed applying potentials around this second reduction peak. Fig. S6 in Supporting Information displays the SEM image of the AgNPs obtained applying a potential of -0.45 V. As can be noticed, a low amount of polydisperse NPs was electrodeposited on the SWCNT electrode. This result confirms that at these overpotentials the deposition charge was used to, at least, two processes, the reduction of Ag(I) to AgNPs and the reduction of the ionic liquid, as was proposed in section 3.1 in GC electrodes.
To achieve the electrosynthesis of smaller AgNPs, the effect of decrease the deposition charge involved in the process was analyzed, maintaining constant the electroactive area and other experimental conditions. According to these results, the most convenient potential range to perform potentiostatic deposition of AgNPs, in order to obtain more monodispersity and homogeneous distribution of
AgNPs from BmpyrNTf2 solution, corresponds to the final part of C1 peak, i.e., around 0.00 V.
Applying these potentials and being the deposition charge involved low, the electrodeposition of small and monodisperse AgNPs can be achieved, tailored them only by controlling the charge involved in the formation process.
AgNPs electrodeposition on FS-SWCNT electrodes.
One of the main highlights of the FS-SWCNT electrodes is related to the capability of these SWCNT films to be modified, creating, as in this work, Janus nanostructures. M AgNO3 in BmpyrNTf2 at room temperature using a FS-SWCNT membrane as working electrode. Taking into account that both, SWCNT and FS-SWCNT electrodes, were fabricated using the same SWCNT dispersion, a similar electrochemical behaviour was expected by both types of electrodes. Therefore, the same electrochemical conditions used with SWCNT electrodes were used to work with the FS-SWCNT electrodes, i.e, overpotentials around 0.00 V and low deposition charges were selected to perform their functionalization with AgNPs.
Spectroelectrochemical studies allow us to record simultaneously both electrochemical and spectroscopic responses and, in this way, to monitor the formation of AgNPs on one side of the FS-SWCNT electrode. Fig. 6a and Fig. 6b display the UV-Vis spectra recorded in transmission configuration [59] during the electrodeposition of AgNPs at fixed charge of 1.5 mC applying -0.025 V and +0.05 V, respectively. UV-Vis spectra show only one absorption band emerging and increasing during the electrodeposition process that corresponds to the plasmon band of AgNPs generated. The plasmon band of the two experiments performed at two different overpotentials, increases concomitantly with the charge involved (Fig. 7) . However, an accurate analysis of the evolution and waveform of the two plasmon bands denotes some significant differences that should be linked with the reaction mechanism and the final characteristics of the AgNPs electrogenerated.
The first differences are related to the waveform of the final absorption spectra of the NPs deposited on the FS-SWCNT electrode. The plasmon band is centred at 450 nm with a half-band width equal to 278 nm when the potential applied is -0.025 V (Fig. 6a) , while at +0.05 V the plasmon band peaks at 430 nm and the half-band width is 306 nm (Fig. 6b) . Additionally, analyzing the ratio between the absorbance at the maximum of the plasmon band (Amax) and the absorbance at 800 nm (A800nm, the tail of the absorption band), Amax/A800nm, has a value of 7.62
when the potential applied is -0.025 V and 3.30 when it is +0.05 V. These results point out that at higher overpotentials (-0.025 V) narrower and more symmetric plasmon band is recorded, leading to less polydisperse AgNPs and a homogeneous deposition on the FS-SWCNT electrode.
The medium size of AgNPs, determined from SEM images ( this work and taking as reference a previous work [50] , it can be concluded that only one face of the FS-SWCNT electrode has been independently functionalized with AgNPs without interference between both faces, fact that opens new gates for simple design of Janus materials.
Conclusions
The development of new strategies in the functionalization of different materials with the final objective of obtaining Janus structures is necessary because these hybrid materials are one of the most interesting systems for very attractive applications. Although the design of these materials depends on the final properties required, sometimes the methodology employed on the modification of raw materials is not as easy and clean as would be desired. In the present study, the independent functionalization of one face of FS-SWCNT film has been established, being this study a first step in the design of more complex Janus materials using these SWCNT membranes. The use of ionic liquid as solvent and electrolytic medium not only involves a green procedure in the electrodeposition of AgNPs, but it will also allow the simultaneous electrochemical functionalization of the both faces of FS-SWCNT electrodes in future works, one with AgNPs in ionic liquid and the backside with less noble metallic NPs using aqueous medium.
In a first step, AgNPs electrodeposition from BmpyrNTf2 solution has been performed in different carbon substrates, such as GC and SWCNTs, to optimize the electrodeposition conditions using low Ag(I) concentrations. This optimization step, where the most suitable experimental conditions were stablished, has led to conclude that high overpotentials involve a lower efficiency in the Ag(I) reduction, due to the simultaneous reduction of the ionic liquid. The delay detected in the reduction of Ag(I) in BmpyrNTf2 solution using SWCNT films as electrodes when compared with its reduction on GC surfaces, is related to the lower conductivity of the 2D configuration of the SWCNT electrodes prepared that promotes the appearance of silver electrodeposition at less positive potentials.
In the last step, the fabrication of Janus membranes has been carried out by functionalization of only one of the two faces of FS-SWCNT films, studying the process with UV-Vis absorption spectroelectrochemistry, and with the specific modification being confirmed by SEM and EDX analysis. Small and more monodisperse AgNPs have been electrodeposited on the FS-SWCNT membranes when relative high overpotentials and low deposition charges were applied. SEM images and UV-Vis absorption spectroelectrochemistry has been determinant to discriminate the generation of different kind of AgNPs on the FS-SWCNT electrodes and to establish the kinetic of electrodeposition of these AgNPs, at different overpotentials.
This work opens new gates for future modifications of free-standing conductive membranes, becoming the design of Janus structures more customizable to the required needs.
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